A new method for measuring both the posture of human fingers and shear force at human fingertips is presented. Instead of using a traditional electronic glove with bending sensors embedded along the finger and shear sensors embedded beneath the fingertip, a wearable fingemail sensor is used to measure resulting changes in coloration of the fingernail. Since the sensor is mounted on the fingernail, finger posture can be measured without wearing a glove that hampers the motion of the fingers. Similarly, shear forces can be measured without covering the finger pad and obstructing the human's natural haptic sense. In the past, fingernail sensors with a onedimensional array of photodetectors have been used to measure normal touching forces at the fingertip. A new fingernail sensor with a two-dimensional spatial array of photodetectors is constructed in order to measure finger posture and shear forces. Experiments are performed in order to measure the outputs of the photodetectors in response to changes in finger posture and applied normal and shear forces. Analysis is then performed to correlate the outputs to the inputs and provide a means of estimating normal forces, shear forces, and changes in finger posture.
Introduction
There is an increasing need for measuring both finger posture and forces acting between human hands and the environment. Finger posture is usually measured by wearing electronic gloves, which have been increasingly used in the robotics and virtual reality communities for a variety of human-machine interactions [I] . External finger forces are traditionally measured by placing forcesensing pads at the fingertips. A wide variety of such pads have been developed in the past for applications in robotics and medicine [2] , using resistive, capacitive, piezoelectric, or optical elements to detect force [3] , [4] , [5] . These pads have often been placed in electronic gloves in order to monitor human skills and behavior during manipulation, perform teleoperation, and interact with machines and virtual environments [6] , [7] , [8] , [9] , [IO] , [ I 11.
Shear forces, or sliding forces in the plane of the contacting surface, play an important role in human manipulation of objects. Shear forces, however, are very difficult to measure without interfering with the human's haptic sense. For robotic hands, several clever designs of shear force sensors have been presented. Howe and Cutkosky developed a superior shear force tactile sensor for detecting slip and surface texture [12] . Novak proposed a shear force sensor design using a capacitive sensor array [ 131. Unfortunately these shear force sensors must be placed between the fingertip and the environment, and are therefore inappropriate for measuring human finger forces. A critical problem with traditional electronic gloves and force sensors in general is that they cover the fingers, blocking the natural human haptic sense as well as restricting the natural bending motion of the fingers.
In a previous paper by the authors [14], a new approach to the detection of finger forces was presented to completely eliminate any impediment to the natural haptic sense. Namely, the finger force is not measured by placing a sensor pad between the finger skin and the environment surface, but is instead detected by an optical sensor mounted on the fingernail. This allows the human to touch the environment with bare fingers and perform fine, delicate tasks using the full range of haptic sense. Miniaturized optical components and circuitry allow the sensor to be disguised as a decorative fingernail covering. A lumped-parameter hemodynamic model was created in order to explain the color change at two locations under the fingernail.
In this paper, a new fingernail sensor is constructed in order to allow for measurement of finger posture and shear forces in addition to normal touching forces. This new fingernail sensor has a two-dimensional spatial array of photodetectors for measuring shear forces along two different axes. Firstly, this paper describes the various color changes that result from touching, bending, and shear forces. An experimental platform is then assembled in order to measure the response of the fingernail sensor to known finger postures and shear forces. Experimentation and analysis are performed in order to relate the outputs of the fingernail sensor to the finger posture and shear force inputs. Based on the analysis, a method for simultaneously estimating normal forces, shear forces, and changes in finger posture is presented. Applications to a human-machine interface and a computer pointer are discussed. 
2.2
Color Change Due to Bending/Extension When the posture of the finger is altered, i.e. the joints of the finger are bent or extended, the color of the finger changes as shown in Figure 3 . When the finger is extended, a tension is set up in the tissues of the nail bed that collapses the capillaries. When the finger is bent, that tension is relieved and the capillaries fill with blood again. Creasing of the veins during bending may also contribute to blood pooling up in the capillaries.
2.1
As the human fingertip is pressed down on a surface with increasing force, the blood flow through the fingertip is affected, and a sequence of color changes is observed through the fingernail. In fact, the color change is characteristically non-uniform across the nail, resulting in distinct patterns of color change. These color patterns can be measured by placing arrays of light emitting diodes and photodetectors on the nail as shown in Figure I . The output of the photodetectors is proportional to the intensity of reflected light, which depends on the volume of blood in the nail bed.
Color Change Due to Touching C~pillary blood
Figure 1: Figure 2 shows the typical seqLence of noticeable color changes with increasing force. As the touch force is first increased, the veins in the fingertip are collapsed, causing blood to pool up in the capillaries beneath the nail, resulting in the reddening effect. As the force continues to increase, the force propag,ates around the bone, collapsing the capillaries at the tip of the nail bed, resulting in a white zone at the tip of the nail. . In previous work [15] , the mechanism of these color changes was discussed in more detail and an anatomically based dynamic model was created in order to explain the underlying changes in blood volume. However, normd touch force is not the only action that results in a change in fingernail color. Alterations in finger posture as well as application of shear force result in different color patterns than those shown above. The color changes shown above ate concentrated near the center of the nail, whereas the color changes due to normal touching occur particularly towards the tip of the nail. Therefore it should be possible to distinguish between a touching action and a change in finger posture based on observable changes in fingernail color patterns.
Fingernail Color Change Due to Bending

2.3
When shear forces are applied to the palmar surface of the fingertip, yet another pattern of color changes result, as shown in Figure 4 . If the shear force is applied longitudinally, a tension in the tissues of the nail bed is set up, resulting in a broad whitening effect over the front of the nail. If the direction of the shear force deviates in either direction from the longitudinal axis, then the white zone shifts towards the right or left of the nail as shown.
Color Change Due to Shear
/ with shear force normal
Figure 4: Fingernail Color Change Due to Shear
Unlike the color change due to bending/extension, the white zone due to shear is concentrated toward the front of the nail. However the white zone for shear extends much farther back than in the case of normal touching force. Therefore it should be possible to distinguish shear forces from bending/extension as well as from normal touching.
Experimental Apparatus and Method .
Fingernail Sensor Apparatus
In order to recognize normal touch force, bending/extension, and shear forces (both longitudinal and lateral), it is necessary to measure the color of the fingernail using a 2-dimensional spatial array of photodetectors. Figure 5 shows a picture of the fingernail sensor that is used for experimentation. The first picture shows the bottom side of the sensor, where the 2-D array of photodiodes is mounted towards the end of the sensor.
Four photodiodes run along the longitudinal axis of the nail with two additional photodiodes on either side for a total of eight photodiodes. Six light emitting diodes are distributed evenly between the photodiodes in order to illuminate the entire nail bed with infrared light at the isobestic wavelength (770nm). The second picture shows the top of the nail sensor, where the photodiode signals are amplified and then sent to an analog-to-digital converter. After the optical and electrical components are in place as shown in Figure 5 , the bottom side is molded to the shape of the human fingernail using transparent epoxy.1 ghe top is covered with opaque epoxy to shield the senqorlfrom ambient lighting. The sensor is then attached'tb the fingernail (as seen in Figures 6 and 7 ) using special transparent double-sided adhesive tabs. Thin wires then connect the signals to the wrist and then to the AID converter and power supply. 
Posture Measurement
In order to experiment with finger posture, it is necessary to be able to measure the angles of the joints of the finger while measurements are simultaneously taken from the fingernail sensor. The easiest method would be to wear an electronic glove; unfortunately such gloves constrict the fingers and interfere with the adhesion of the sensor to the nail. Therefore the fingers are left free and a video tracking system is used instead, as shown in Figure 6 . A pair of colored markers is placed on each joint of the finger and video is taken continuously during the experiment. An image processing algorithm is then used off-line to track the centroids of the markers and compute the angle of each joint for each time index. The clock on the computer monitor is used to synchronize the time index of the joint angle measurements to that of the photodetector measurements. Force Measurement In order to experiment with shear force, it is necessary to be able to measure the shear forces that are applied to the finger along both the X-axis and Y-axis as well as the normal touching force along the Z-axis. Figure 7 shows a picture of the force measurement system that is used. A Nan0 17 6-axis forcehorque transducer from AT1 Automation is used in order to measure forces in the X, Y, and Z directions. The shear forces Fx and FY have a sensing range o f f 12 N and a resolution of 0 . 8~1 0 -~ N.
FZ has a range o f f 17 N and a resolution of 1 . 6~1 0 " N.
A rubber pad is placed between the finger and the sensor in order to maximize the coefficient of friction and thus decrease the dependence of the shear force on the normal force.
Figure 7: Force Measurement Platform
Ideally, the experiments would be designed so that the finger joints would be held in place while an automated apparatus applies precise shear forces. Unfortunately, a device that would hold the finger in place would put pressure on the finger and affect the blood flow, thus affecting the nail color. Therefore, the human must be relied upon instead to apply the shear forces as precisely as possible. A visual feedback system consisting of gauges on a computer monitor is used to display to the human in real-time the forces that are applied as the finger is pressed on the platform. Figures 8 through 10 show the results of experiments for finger posture measurement. Starting from a fully bent position, the finger is first fully extended and then fully bent once again. The responses of each of the eight photodetectors are shown in Figure 8 . The plots are arranged in the figure to reflect the relative positions of the photodetectors on the fingernail. As shown by the data, the photodetector outputs ,311 respond in phase with the bending.
Experimental Results
Results for Posture Measurement
Photodcctor output) are all in pha'e Figure 9 , shows the correlation between the joints using data from the experiment. Since the knuckle joint can be flexed independently of the other two and does not appear to influence the photodetector outputs, the knuckle angle J, is held constant for this experiment. The middle and distal joints, Jz and J3, cannot be flexed independently and have a roughly linear dependence, as shown in Figure 9 . Therefore, the photodetector outputs can be treated simply as a function of Jz, and are plotted as such in Figure 10 , showing a characteristic pattern of sensor outputs for bending. Using the video tracking system shown in Figure 6 , the joint angles were computed from video frames spanning the bending range of the finger. The finger consists of three joints, not all of which can be flexed independently. Figure 11 . The normal force F, is measured by the 6-axis force sensor and is shown at the bottom of Figure 11 . In Figure 12 , the photodetector outputs are plotted as a function of FZ, showing a characteristic pattern of sensor outputs for normal force.
Results for Force
This pattern is distinguishable from that of bending by the differences in curvatures and slopes. Figures 13 and 16 show the results of the experiments for shear force measurement. First, the human applies a periodic lateral shear force (magnitude-3 N, period-0.5 sec) to the palmar surface of the fingertip. The responses of the photodetectors are shown in Figure 13 along with the applied shear force. In this case, unlike the cases of finger bending and normal force, the photodetectors do not all respond in phase. The photodetectors on the left side of the nail react in phase with the shear force while the photodetectors on the right side of the nail react 180 degrees out of phase with the shear force. In Figure 14 , the photodetector outputs are plotted as functions of the applied lateral shear force, Fx, showing a characteristic pattern of sensor outputs for lateral shear. The opposite slopes for photodetectors 5 and 7 make this pattern easily distinguishable from the patterns for bending and normal force.
In plinsc with F, Figure 15 along with the applied shear force. In this case the responses all seem to be in phase, but their behavior is much more non-linear. This is more evident in Figure 16 , where the photodetector outputs are plotted as finctions of the applied longitudinal force, Fy, showing a characteristic pattern of sensor outputs for longitudinal shear. The nonlinear v-shaped curves make this pattern easily distinguishable from bending, normal force, and lateral shear force. As seen in section 4, each of the four inputs under consideration results in a unique pattem of photodetector responses. It should therefore be possible to simultaneously estimate the inputs based on the photodetector outputs. As a first step, a multivariate linear least squares regression is performed using data from the four experiments to create a linear model:
where P is an 8x1 vector of photcdetector outputs, and F is a 4x1 vector consisting of Fx, Fy, FZ, and Jz, p is a 4x8 matrix relating the two, and E is the residual vector. The photodetector outputs from the four experiments can then be used to generate predicted values of the three forces and bending angle. The results of the regression are shown in Figure 17 , where the predicted inputs are plotted vs. the measured inputs for each of the four experiments. The diagonal line passing through each plot represents the ideal one-to-one relationship between actual and predicted inputs. This linear model appear:; to work well over the dynamic ranges of Fx and FZ, but not so well for FY and J2, whose predictions are not ;as centered about the diagonal. This problem must be solved in future work by using a non-linear model to relate inputs and outputs.
Conclusion
In this paper, a new method for measuring the posture of human fingers and shear forces at the fingertips has been presented.
A wearable fingernail sensor with a 2-dimensional array of photodetectors is capable of measuring the pattem of color change (or change in blood volume) of the fingemail. Experiments were performed to demonstrate the relationships between the photodetector outputs and various inputs including finger joint angle, normal force, lateral shear, and longitudinal shear force. The results show that each input has a unique pattem of response. A multivariate linear regression was used to create a model capable of predicting all four inputs based on the photodetector outputs. Future work will involve more extensive experimentation and design of non-linear models that are capable of predicting finger forces and posture with greater accuracy. This method will be useful for monitoring human skills and behavior during manipulation, performing teleoperation, and interacting with machines and virtual environments. By measuring shear forces at the human fingertip without placing a sensor underneath the fingertip, it would even be possible to replace a computer mouse with a wearable fingemail sensor. The user could simply push his or her finger against a surface to generate shear forces in two dimensions. Incorporating normal touching force and finger bending could further augment the functionality of such an interface.
